Background. After radical resection of pancreatic ductal adenocarcinoma (PDAC), approximately 80% of patients will develop disease recurrence. It remains unclear to what extent the location of recurrence carries prognostic significance. Additionally, stratifying the pattern of recurrence may lead to a deeper understanding of the heterogeneous biological behavior of PDAC. Objective. The aim of this study was to characterize the relationship of recurrence patterns with survival in patients with resected PDAC. Methods. This single-center cohort study included patients undergoing pancreatectomy at the Johns Hopkins Hospital between 2000 and 2013. Exclusion criteria were neoadjuvant therapy and incomplete follow-up. Sites of first recurrence were stratified into five groups and survival outcomes were estimated using Kaplan-Meier curves. The association of specific recurrence locations with overall survival (OS) was analyzed using Cox proportional-hazards models with and without landmark analysis.
Results. Accurate follow-up data were available for 877 patients, 662 (75.5%) of whom had documented recurrence at last follow-up. Patients with multiple-site (n = 227, 4.7 months) or liver-only recurrence (n = 166, 7.2 months) had significantly worse median survival after recurrence when compared with lung-(n = 93) or local-only (n = 158) recurrence (15.4 and 9.7 months, respectively). On multivariable analysis, the unique recurrence patterns had variable predictive values for OS. Landmark analyses, with landmarks set at 12, 18, and 24 months, confirmed these findings.
Conclusions. This study demonstrates that specific patterns of PDAC recurrence result in different survival outcomes. Furthermore, distinct first recurrence locations have unique independent predictive values for OS, which could help with prognostic stratification and decisions regarding treatment after the diagnosis of recurrence.
Pancreatic ductal adenocarcinoma (PDAC) is projected to become the second most common cause of cancer-related death in the US in the next 15 years and continues to be one of the most treatment-resistant malignancies. 1 Radical resection of localized PDAC provides the best chance for long-term survival, and many studies have investigated prognostic factors for predicting survival outcomes after pancreatectomy. [2] [3] [4] Unfortunately, even after successful radical resection of PDAC, up to 80% of patients will develop disease recurrence. [5] [6] [7] [8] [9] A recent study from our institution found that the time to recurrence differed for distinct postoperative recurrence locations; 10 however, the relationship of these specific PDAC recurrence locations with overall survival (OS) remains poorly described. Knowledge on the prognostic impact of distinct recurrence sites might help clinicians with prognostic stratification and provide a better understanding of the heterogeneous biological behavior of PDAC.
The aim of this study was therefore twofold. First, to characterize the association of patterns of disease recurrence with survival after recurrence (SAR), and, second, to investigate the predictive value of specific recurrence locations on OS while adjusting for known prognostic clinicopathologic variables. To avoid bias in examining OS by recurrence location, careful statistical analysis was performed using proportional hazard models, with and without landmark analysis, in a large cohort of patients who underwent surgery for primary resectable PDAC in the head of the gland.
METHODS

Patient Selection
This single-center cohort included patients who underwent a standard pancreatoduodenectomy, pyloruspreserving pancreatoduodenectomy, or total pancreatectomy for PDAC at the Johns Hopkins Hospital between 2000 and 2013. Only patients who underwent upfront resection of resectable or borderline resectable PDAC in the head of the pancreas were included. Resectability and staging were generally discussed in a multidisciplinary setting and based on preoperative pancreatic protocol computed tomopraphy (CT) imaging. Patients were staged with resectable disease (stage I) when there was no arterial and/or venous involvement, and with borderline resectable disease (stage II) when there was limited arterial and/or venous involvement allowing for safe and complete resection with or without vascular reconstruction. Apart from neoadjuvant therapy, other exclusion criteria were (1) synchronous distant metastases at the time of surgery; (2) macroscopic margin-positive resection (R 2 ); or (3) 90-day surgery-related mortality. Patients with incomplete follow-up data due to loss to follow-up or follow-up performed at other institutions were also excluded. Institutional Review Board approval was obtained for this retrospective study.
Demographic, Clinicopathological, and Treatment Characteristics
Demographic and clinical variables were extracted from a prospective institutional database. Perioperative complications were reported according to the ClavienDindo classification. 11 The resection margin (R) was defined as R 0 when the distance of carcinoma cells to the closest resection margin was [ 1 mm, and R 1 when the distance was B 1 mm. If their performance status allowed, patients with recurrence were further treated with systemic therapy. In highly selected patients, localized treatments such as stereotactic body radiation therapy for isolated local recurrence, or metastasectomy for stable isolated lung recurrence, were sporadically performed.
Follow-Up and Recurrence Definitions
Follow-up methodology and definitions of disease recurrence after pancreatectomy at our institution have been described previously. 10 The first location of disease recurrence was documented based on either radiological or histological evidence; however, confirmation of recurrence with a biopsy was not routinely performed. Recurrence locations were stratified into five mutually exclusive categories: 'local-only', 'liver-only', 'lung-only', 'multiplesite' and 'other'. Multiple-site recurrence included patients with local and distant recurrence, recurrence in multiple distant sites (i.e. lung and liver) and/or carcinomatosis.
Survival Outcomes
Recurrence-free survival was defined as the time interval between the date of surgery and the date of recurrence, while OS was defined as the time from the date of surgery to either death from any cause or last follow-up. Cause of death was retrieved from our institutional database, crossreferenced, and supplemented with data obtained from the National Death Index of the Centers for Disease Control and Prevention. Disease-specific survival was defined as the time from the date of operation to either death due to PDAC or last follow-up, with censoring occurring for patients who died of any other cause. Lastly, SAR was defined as the time from recurrence to either death or last follow-up.
Statistical Analysis
Kaplan-Meier curves and the log-rank test were used to estimate median survival outcomes with a corresponding 95% confidence interval (CI), and to compare between subgroups. To establish whether recurrence location as a time-dependent covariate has a prognostic effect on the OS of patients with resected PDAC, while adjusting for other clinicopathologic variables, two distinct multivariable Cox proportional-hazards regression models were used.
First, a conventional Cox model was created in which recurrence locations were considered as fixed covariates. However, since specific recurrence locations have different recurrence-free intervals, 10 this introduces a potential bias when assessing OS directly. More specifically, local or lung recurrence generally occur relatively late after surgery, which might result in a 'lead time' or 'guarantee time' bias towards improved OS when compared with multiple-site or liver-only recurrence, which tend to arise after a shorter recurrence-free interval.
A statistical technique to account for this type of potential bias is a landmark analysis (see also the electronic supplementary Methods). [12] [13] [14] [15] A landmark time of 12 months was chosen, 16 and a multivariable Cox model was then conducted with survival from the landmark. To examine whether this choice of landmark affected either strength or direction of the found relationships between recurrence locations and survival, similar analyses were performed with landmarks set at 18 and 24 months.
A stepwise backward approach using Akaike information criterion (AIC) was used to select covariates for the multivariable models. Internal validation and optimism for the multivariable model with landmark analysis set at 12 months was performed with 200 times bootstrap. The proportional hazards assumption of the Cox models was checked using Schoenfeld residuals. A two-tailed P value \ 0.05 was considered to indicate statistical significance. Statistical analysis was performed using SPSS version 25.0 (IBM Corporation, Armonk, NY, USA) and R version 3.3.3 (R Foundation, Vienna, Austria).
RESULTS
A total of 1325 patients who underwent upfront pancreatectomy for histologically confirmed PDAC were included in our study. Excluded were 427 patients (32.2%) with incomplete follow-up data due to loss to follow-up or follow-up performed at other institutions, as well as a further 21 patients (1.6%) who died within 90 days after surgery. Consequently, a final cohort of 877 patients with accurate recurrence and survival data was established.
Cohort Characteristics
Detailed demographic, clinicopathologic, and treatment characteristics of the included patients are summarized in Table 1 . Median follow-up for all patients was 23.6 months (95% CI 21.8-25.3). At last follow-up, disease recurrence was recorded in 662 patients (75.5%). A total of 215 patients (24.5%) had no sign of recurrence after a median follow-up of 46.3 months (95% CI 36.4-54.3). The most common manifestation was multiplesite recurrence (n = 227, 34.3%), followed by liver-only (n = 166, 25.1%), local-only (n = 158, 23.9%), and lungonly (n = 93, 14.0%) recurrence. Other recurrence sites (n = 18, 2.7%) included osseous structures, the brain, supraclavicular lymph nodes, groin, thigh muscle, and the skin.
Cause of Death
At last follow-up, 186 patients (21.2%) were alive after a median follow-up of 56.4 months (95% CI 45.0-67.8).
Of the 691 patients who died, 81.8% died of PDAC (n = 565). Other causes included cardiovascular disease (n = 28, 4.1%), other primary cancers (n = 26, 3.8%), infectious disease (n = 13, 1.9%), and lung disease causing respiratory failure (n = 9, 1.3%). Several other less common causes, including but not limited to accidents, suicide, or drug overdose, amounted to 2.3% (n = 16) of the reported deaths.
Thirty-four patients (4.9%) died of unknown cause but without documented recurrence on the most recent imaging. Of the 140 patients still alive 5 years after surgery, 50 (35.7%) went on to die during later follow-up, of whom 23 (46.0%) were due to causes other than PDAC. In patients who survived \ 5 years, the ratio of death due to other causes (103/641, 16.1%) was significantly lower (P \ 0.001). Furthermore, 45/147 patients (30.6%) who were [ 75 years of age and died, passed away due to other causes, compared with 81/544 patients (14.9%) who were B 75 years of age at the time of surgery (P \ 0.001). Rates of death due to PDAC did not differ significantly among the different recurrence patterns.
Survival Outcomes
Median survival outcomes for all patients and per different recurrence location are presented in Table 2 . Patients with multiple-site or liver-only recurrence had a limited median SAR of 4.7 months (95% CI 3.8-5.1) and 7.2 months (95% CI 6.0-8.5), respectively, which were both significantly worse when compared with survival after local-or lung-only recurrence (Fig. 1) . Patients with lungonly recurrence had a median SAR of 15.4 months (95% CI 10.9-19.9), significantly longer than the second longest median SAR of patients with local-only recurrence (9.7 months, 95% CI 7.5-12.0, P = 0.001). Further analysis showed that patients who recurred early had relatively limited survival after their recurrence. Overall, 338 patients with a recurrence-free survival of B 12 months had a median SAR of 6.0 months (95% CI 5.2-6.8), significantly shorter than the 10.0 months (95% CI 9.1-12.1) for the 324 patients who recurred after more than 12 months (P \ 0.001). (Fig. 2) . Lung-only, local-only and other recurrence were all associated with considerably longer median OS when compared with multiple-site or liver-only recurrence.
Multivariable Analysis
In the multivariable Cox regression model with recurrence locations as fixed covariates, all recurrence patterns were significantly associated with worse OS when compared with non-recurrent patients (Table 3) . Multiple-site and liver-only recurrence both had hazard ratios (HRs) of more than 4, indicative of their strong independent association with a limited OS. While local-only, lung-only, and other recurrence were also significantly correlated with decreased OS, their HRs of \ 2.5 showed a weaker relationship. Furthermore, adjuvant therapy (HR 0.61, 95% CI 0.52-0.72, P \ 0.001) was independently associated with prolonged OS.
To adjust for potential bias in the first model, multivariable Cox models for OS using landmark analyses were additionally performed. At the chosen landmark time of 12 months, 200 patients (22.8%) had died or were lost to follow-up. As a result, 677 patients were available for analysis, 180 (26.6%) of whom had recurrence at that time. Similar to the first Cox model with fixed covariates, the landmark analysis established that all recurrence locations were associated with worse OS, with the strongest relationship found for multiple-site and liver-only recurrence ( Tables 1 and 2) .
DISCUSSION
This study demonstrates that OS and survival after PDAC recurrence differ based on the site of first recurrence. Specifically, the current study found that patients with multiple-site recurrence had a limited median SAR of \ 5 months, while patients who developed pulmonary metastases had a median survival of[ 15 months after first diagnosis of recurrence. Furthermore, patients with isolated lung or local recurrence had a considerably prolonged median OS. Lastly, using two different techniques of multivariable Cox regression analysis, specific recurrence patterns were shown to have distinct independent predictive values for the prognosis of OS.
A prior study focusing on the timing and predictors of PDAC recurrence, consisting of a subset of the present cohort, showed that specific recurrence locations occur after distinct recurrence-free intervals. 10 Furthermore, different recurrence locations were shown to have unique predictive factors. The current findings that show that specific recurrence locations have different post-pancreatectomy and post-recurrence survival further supplement and expand on these previous findings, and continue to support the hypothesis that unique biological behaviors exist among PDACs.
Relatively few studies have focused on the impact of the initial relapse pattern on post-pancreatectomy survival outcomes. 9 Moreover, associations observed in earlier studies vary considerably, possibly due to limited sample size and length of follow-up. For instance, van den Broeck et al. 6 found no association between recurrence location and survival, while Tani et al. 17 found similar median OS for patients with and without initial liver metastases. However, other studies did find significant correlations between patterns of recurrence and survival outcomes. When considering SAR, Sperti et al. 5 showed that median survival time from the detection of recurrence until death was 7 months for patients with isolated local recurrence versus 3 months for patients with multiple-site or liveronly recurrence (P \ 0.05). Similar to our results, Zhang and colleagues 18 found that patients with locoregional recurrence (10.4 months) had significantly improved SAR 
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Implications of PDAC Recurrence on Survivalwhen compared with those with isolated distant (5.5 months, P = 0.002) or multiple-site (5.8 months, P = 0.044) recurrence. The current study demonstrates that recurrence at multiple sites or in the liver leads to a relatively limited OS of 18 and 15 months, respectively. In addition, both of these manifestations of recurrent PDAC were strong independent predictors for decreased OS in all multivariable models. Similarly, in a study of 209 patients, Suenaga et al. 8 reported that patients with hepatic relapse had significantly shorter OS than those without hepatic relapse (12.9 months vs. 18.4 months, P \ 0.001), and that local recurrence was associated with a more favorable prognosis than recurrences at other sites (18.4 months vs. 14.7 months, P = 0.010).
This study aimed to accurately identify the correlation between five unique PDAC recurrence patterns and subsequent SAR. Recurrence of PDAC following resection imposes a difficult choice when considering the pursuit of additional treatment. The presented results provide prognostic data to further assist patient and physician alike when discussing challenging clinical choices and the balance of quality of life with further treatment options. Patients with isolated local or pulmonary recurrence were found to have relatively favorable survival outcomes. The favorable prognosis for patients with isolated local recurrence might stem from the fact that local recurrence can originate from microscopic residual disease in the remnant pancreas that has not gone through the process of hematogenous dissemination. This seemingly less-hostile tumor biology and slower-growing propensity might thus warrant additional local treatment. Initial experiences at our institution with stereotactic body radiation therapy for isolated local recurrence have shown encouraging results, especially in patients who had a relatively long recurrencefree interval. 19, 20 Patients with pulmonary metastases had both the longest median SAR (15 months) and OS (40 months), possibly representing another unique clinical and biological subtype of PDAC in which more aggressive and/or localized additional therapy might be justified. A study from our institution, for example, showed improved median OS of 51 months after pulmonary metastasectomy in highly selected patients. 21 Although the present literature is limited, several other studies have reported on the benefit of either surgical resection or stereotactic radiosurgery for lung metastases, highlighting increased interest in additional treatment options. [22] [23] [24] [25] [26] The records of specific causes of death revealed that up to 18% of patients died from causes other than PDAC after surgical resection. Interestingly, more than 35% of patients who died after being recurrence-free for 5 years did so due to other causes. In addition, approximately 30% of deaths among patients older than 75 years at the time of operation were attributed to other diseases. However, these results should be interpreted with caution as several of the causes of death that were recorded, such as cholangitis, liver abscesses, or even suicide, might have been indirectly related to PDAC or the treatment thereof. Similarly, the taxing aftermath of pancreatic surgery and subsequent adjuvant therapy might have exacerbated existing comorbidities or weakened the immune system of older patients, resulting in more deaths credited to other causes such as cardiovascular events and infectious diseases.
Our study has several other important limitations worthy of mentioning. First, our database merely captured the recurrence location, without commenting on the extent of recurrent disease. Second, recurrence location was generally based on radiographic findings without additional tissue confirmation. This might have influenced the identified rates of recurrence, as, for instance, benign pulmonary nodules are seen commonly and are often difficult to differentiate from true pulmonary metastases. 27 Third, many patients choose to receive further therapy from local institutions, limiting the accuracy of data on type, dosage, and frequency of therapy for recurrence that would have potentially exposed correlations not currently established. Lastly, the number of patients who were lost to follow-up was noteworthy, potentially limiting the generalizability of our findings. On the other hand, a significant strength of this study was the use of a prospective database from a large tertiary referral center for patients with PDAC. Furthermore, additional multivariable models using landmark analysis were performed to adjust for potential bias caused by the distinct timing of different recurrence patterns.
CONCLUSIONS
This study demonstrates that specific patterns of PDAC recurrence are associated with different survival outcomes. Furthermore, distinct locations of the first recurrence were shown to have unique independent predictive values for OS, which could help with prognostic stratification and decisions regarding treatment after the diagnosis of recurrence. In support of earlier findings, these results continue to suggest that ductal adenocarcinoma of the pancreas is a highly heterogenic disease and future studies should focus on developing patient-tailored multimodality treatment approaches that take into account these diverse biological behaviors.
